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SUMMARY
The m o t i o n o f charged, c o n d u c t i n g d r o p l e t s p r e s e n t i n an i n s u l a t i n g f l u i d medium i s a n a l y z e d under t h e a c t i o n o f an e l e c t r i c f i e l d , i n m i c r o g r a v i t y . P r e v i o u s a n a l y s e s of t h i s p r o b l e m have c o n s i d e r e d t h e Maxwell s t r e s s e s as t h e o n l y d r i v i n g f o r c e . I n t h e p r e s e n t s t u d y , arguments from macroscopic thermodynamics and t h e m o l e c u l a r t h e o r y o f s u r f a c e t e n s i o n a r e used t o show t h a t s u rf a c e t e n s i o n g r a d i e n t s can be induced due t o t h e v a r i a t i o n of t h e e l e c t r i c p o t e n t i a l on t h e i n t e r f a c e . 
I n t h e l i m i t o f Reynolds numbers small compared t o u n i t y , t h e t e r m i n a l v e l o c i t y o f m i g r a t i o n of t h e d r o p l e t i s c a l c u l a t e d under t h e combined a c t i o n o f t h e Maxwell s t r e s s e s and t h e s u r f a c e t e n s i o n g r a d i e n t s . The r e s u l t s show t h a t t h e r e a r e n o s u r f a c e t e n s i o n g r a d i e n t s ( i . e . , no e l e c t r i c p o t e n t i a l v a r i a t i o n a t t h e i n t e r f a c e ) i n a case t h a t i s c o n s i d e r e d s t r i c t l y e l e c t r o s t a t i c . W i t h t h e i n c l u s i o n o f s u r f a c e c u r r e n t s due t o t h e c o n v e c t i o n o f t h e s u r f a c e charges, s u r f a c e t e n s i o n g r a d i e n t s do e x i s t and t e n d t o reduce t h e t e r m i n a l v e l o c i t y o f t h e d r o p l e t . m o t i o n has a l s o been c a l c u l a t e d , when t h e d e f o r m a t i o n s from t h e s p h e r i c a l shape

INTRODUCTION
Electrically charged droplets present in a fluid with which they are immiscible, will move when they are subjected to an electric field. They attain a steady speed of electrohydrodynamic migration, termed the terminal velocity, in a uniform field, when the electrical force is balanced by the viscous resistance. Such migration is also called electrokinetic or electrophoretic motion i n colloidal systems, where the motion i s due to the interaction of the applied filed with the electric double layer present at the interface and has been extensively investigated (refs. 1 to 6 ) . Electrohydrodynamic migration, like thermocapillary migration, is useful in many applications in microgravity, where, in the absence of buoyancy, the locations of droplets and bubbles need to be controlled by various mechanisms.
There have been few investigations of the electrokinetics of fluid-fluid interfaces (ref. 6 ) . Most studies (refs. 2 to 6 ) consider the Maxwell stresses as the driving force for the flow. Levich (ref. 1 ) has analyzed t h e motion o f mercury drops in electrolytes, representing the driving force as a surface tension gradient, arising from the electrocapillary effect. It is the contention of the authors that the Maxwell stresses and surface tension gradients due to electrocapillarity, though each occurs because of the applied field, are independent driving mechanisms as far as the flow is concerned and hence can act simultaneously. The combined effect of the two is analyzed in this study for a model problem of the migration of a charged, conducting droplet in an electrically insulating medium. resides as a surface charge at the interface. This situation is the same as the "charge monolayer" problem considered by Spertell and Saville (ref. Since the droplet medium is conducting, the charge In what follows, the thermodynamics of the system are considered to show that surface tension gradients can be generated by the variation o f the electric potential at the interface, and reasoning from a molecular basis is used to explain the origin of the surface tension gradient. The electrohydrodynamic
o t e n t i a l and flow f i e l d s and t h e t e r m i n a l v e l o c i t y a r e c a l c u l a t e d . The c a l c ul a t e d f i e l d s a r e l a s t l y used t o d e t e r m i n e t h e s l i g h t l y p e r t u r b e d shape o f t h e d r o p l e t .
THERMODYNAMICS AT THE INTERFACE P r e s e n t e d below i s a s i m p l i f i e d v i e w of t h e thermodynamics o f t h e i n t e rf a c e where t h e o c c u r r e n c e o f a charge d o u b l e l a y e r i s excluded. C o n s i d e r a system c o n s i s t i n g o f an e l e c t r i c a l l y i n s u l a t i n g f l u i d w i t h an e l e c t r i c a l l y cond u c t i n g i m m i s c i b l e d r o p l e t i n s i d e , under m i c r o g r a v i t y ( f i g . 1 ) . L e t t h e s y s t e m change from one e q u i l i b r i u m s t a t e t o a n o t h e r , d u r i n g which t h e system can exchange h e a t and e l e c t r i c a l charge w i t h t h e s u r r o u n d i n g s , b u t no mass e n t e r s o r l e a v e s t h e system. D e n o t i n g t h e i n s u l a t i n g f l u i d , t h e d r o p l e t medium and t h e i n t e r f a c e r e g i o n by t h e s u b s c r i p t s 1 , 2 and i r e s p e c t i v e l y and assuming t h a t each subsystem ( 1 , 2 , i > remains i n e q u i l i b r i u m a t t h e i n i t i a l and f i n a l s t a t e s for a r e v e r s i b l e process w i t h t h e d r o p l e t and t h e i n t e r f a c e n o t t r a n sf e r r i n g charge t o t h e i n s u l a t i n g f l u i d , t h e change i n t h e i n t e r n a l e n e r g y o f t h e system i s
where o i s t h e s u r f a c e t e n s i o n (or i n t e r f a c i a l t e n s i o n ; t h e two words a r e used i n t e r c h a n g e a b l y ) , Qi i s t h e s u r f a c e charge b r o u g h t t o t h e i n t e r f a c e from i n f i n i t y where t h e p o t e n t i a l i s z e r o and i n t e r f a c e . Keeping t h e i n t e n s i v e v a r i a b l e s f i x e d , i f t h e e x t e n s i v e v a r i a b l e s a r e p e r m i t t e d t o undergo a f i n i t e change, ( r e f . 7 ) t h e f o l l o w i n g e x p r e s s i o n may be w r i t t e n f o r 'ai 6i i s t h e e l e c t r i c p o t e n t i a l a t t h e D i f f e r e n t i a t i n g e q u a t i o n ( 5 ) and s u b t r a c t i n g e q u a t i o n ( 4 ) y i e l d s t h e GibbsDuhem e q u a t i o n f o r t h e i n t e r f a c e as
If t h e s u r f a c e i s i s o t h e r m a l d u r i n g t h e p r o c e s s , dTi = 0 and hence which i s analogous t o t h e Lippman e q u a t i o n f o r e l e c t r o c a p i l l a r y phenomena ( r e f . 8 ) . From e q u a t i o n ( 7 ) , we may w r i t e .
where Vs i s t h e s u r f a c e g r a d i e n t o p e r a t o r and Gi i s t h e s u r f a c e charge dens i t y . Thus s u r f a c e t e n s i o n g r a d i e n t s can o c c u r when t h e s u r f a c e i s charged and t h e p o t e n t i a l v a r i e s on t h e i n t e r f a c e .
MOLECULAR B A S I S OF SURFACE TENSION GRADIENT
I f one t h i n k s o f t h e s u r f a c e o f t h e charged d r o p l e t as a membrane w i t h embedded charge, t h e n whenever t h e r e i s a n o n u n i f o r m charge d e n s i t y , t h e r e w i l l be unbalanced e l e c t r i c f o r c e s between t h e charges. T h i s i s t h e p h y s i c a l p i ct u r e t h a t persuades us t h a t i f t h e e x t e r n a l l y a p p l i e d e l e c t r i c f i e l d induces a n o n u n i f o r m charge, t h e n a s u r f a c e s t r e s s i s i n d u c e d .
R e f e r r i n g t o a t r e a t i s e on t h e m o l e c u l a r t h e o r y o f s u r f a c e t e n s i o n , one can w r i t e a m o l e c u l a r l e v e l e x p r e s s i o n f o r u as ( r e f . 9 ) where r and I'2 a r e t h e 1 and 2 p a r t i c l e s u r f a c e excess q u a n t i t i e s respec-X v e l y ; (p i s t h e p a r t i c l e p o t e n t i a l energy from t h e many p a r t i c l e H a m i l t o n i a n ; t i s a u n i t v e c t o r t a n g e n t t o t h e s u r f a c e ; and kBT i s t h e Boltzmann c o n s t a n t t
i m e s t e m p e r a t u r e . The p o t e n t i a l energy t e r m above e f f e c t i v e l y accumulates t h e surface component o f t h e f o r c e a c t i n g on a p a r t i c l e by a l l t h e o t h e r p a r t i c l e s . r2 ensures t h a t c o n t r i b u t i o n s o c c u r o n l y where t h e r e i s an excess or d e p l e t i o n of p a r t i c l e p a i r s w i t h r e s p e c t t o t h e b u l k .
On o u r charged s u r f a c e , 6 w i l l c o n t a i n c o n t r i b u t i o n s f r o m t h e e x t e r n a l e l e c t r i c f i e l d , which i s a s o l u t i o n t o t h e e l e c t r o s t a t i c problem, as w e l l as t h e l o c a l e l e c t r i c f i e l d from n e i g h b o r i n g charged p a r t i c l e s . I t i s t h e l o c a l e l e c t r i c f i e l d p r e s e n t i n t h e n o n u n i f o r m s u r f a c e charge d i s t r i b u t i o n case t h a t we contend p h y s i c a l l y mandates a surface t e n s i o n g r a d i e n t i n a d d i t i o n t o Maxw e l l s t r e s s e s c a l c u l a t e d f r o m an e x t e r n a l e l e c t r i c f i e l d .
ELECTROHYDRODYNAMIC FORMULATION C o n s i d e r a c o n d u c t i n g d r o p l e t p r e s e n t i n an i n s u l a t i n g f l u i d of i n f i n i t e e x t e n t ( F i g . 1 ) . The d r o p l e t c a r r i e s a t o t a l s u r f a c e charge, Q , and i s subj e c t e d t o a u n i f o r m e l e c t r i c f i e l d Eo. n a l v e l o c i t y o f t h e d r o p l e t and t h e flow and p o t e n t i a l f i e l d s i n b o t h f l u i d s . A s t h e d r o p l e t moves a t i t s c o n s t a n t t e r m i n a l v e l o c i t y , i t i s c o n v e n i e n t t o choose a c o o r d i n a t e s y s t e m on t h e d r o p l e t w i t h t h e o r i g i n a t i t s c e n t e r of mass. I n t h i s c o o r d i n a t e system, t h e o u t e r f l u i d approaches t h e d r o p l e t w i t h
t h e t e r m i n a l v e l o c i t y Vm, which i s t o be d e t e r m i n e d .
W e would l i k e t o c a l c u y a t e t h e t e r m iThe flow i s c o n s i d e r e d t o be i n c o m p r e s s i b l e , l a m i n a r and w i t h s p a t i a l l y c o n s t a n t p h y s i c a l p r o p e r t i e s ( v i s c o s i t y , e l e c t r i c a l c o n d u c t i v i t y , e t c ) . The d r o p l e t i s assumed t o be s p h e r i c a l . From t h e geometry and t h e boundary c o n d it i o n s , t h e problem i s symmetric about t h e flow d i r e c t i o n ( t h e d r o p l e t p o l a r a x i s ) . The b a s i c e q u a t i o n s f o r t h e flow i n t h e two f l u i d s a r e t h e N a v i e r -
Stokes e q u a t i o n s . The t r e a t m e n t o f e l e c t r i c a l e f f e c t s i n t h i s s t u d y i s t h e same as i n t h e s t u d y by Melcher and T a y l o r ( r e f . 10). A s mentioned i n r e f e r e n c e 10, t h e dynamic c u r r e n t s a r e so small and t h e induced magnetic f i e l d
l l ' s e q u a t i o n s . I t i s assumed t h a t t h e c u r r e n t d e n s i t y i s p r o p o r t i o n a l t o t h e e l e c t r i c f i e l d i n t h e d r o p l e t (Ohms l a w ) , w i t h t h e e l e c t r i c a l c o n d u c t i v i t y b e i n g a c o n s t a n t . I n b o t h f l u i d s , t h e e l e c t r i c d i s p l a c e m e n t i s t a k e n t o be p r o p o r t i o n a l t o t h e e l e c t r i c f i e l d , w i t h t h e p e r m i t t i v i t y b e i n g a c o n s t a n t .
The Maxwell e q u a t i o n s t h e n reduce t o an e q u a t i o n for t h e e l e c t r o s t a t i c potent i a l . S u b s c r i p t s 1 and 2 a r e used t o denote t h e o u t e r f l u i d and t h e d r o p l e t medium r e s p e c t i v e l y .
The c o o r d i n a t e system i s R,8,4 w i t h t h e o r i g i n a t t h e c e n t e r o f mass of t h e d r o p l e t ( f i g . 1 ) . 8 i s measured c l o c k w i s e from t h e p o i n t o f i n c i d e n c e o f t h e flow. R a t i o n a l i z e d MKS u n i t s a r e used f o r t h e e l e ct r i c a l q u a n t i t i e s . 
A r e f e r e n c e v e l o c i t y s c a l e VR for t h e flow f i e l d may be e s t i m a t e d from t h e f a c t t h a t when t h e d r o p l e t moves a t t h e t e r m i n a l v e l o c i t y , t h e Coulombic f o r c e on i t i s balanced by t h e v i s c o u s f o r c e s . Hence, where qo = 0o/(4VRo2) i s t h e s u r f a c e charge d e n s i t y . VR t h u s y i e l d s t y p i c a l v a l u e s o f t h e v e l o c i t i e s t h a y may be a n t i c i p a t e d . The Reynolds number i s
Re = V R / v = q E R '/(plv) R o 0 0 0 ( 1 1 )
Re compares t h e i n e r t i a l f o r c e s on a f l u i d element t o t h e v i s c o u s f o r c e s on i t . I n what f o l l o w s , Re for b o t h f l u i d s i s assumed t o be s m a l l compared t o u n i t y . The Navier-Stokes e q u a t i o n s a r e w r i t t e n i n t h e
( 1 6 ) i . e . , t h e v e l o c i t y tends t o t h e f r e e s t r e a m v e l o c i t y vm = V m / V~ and 0, + -r cos 8
( 1 7 ) i . e . , t h e e l e c t r i c f i e l d i s u n i f o r m f a r away from t h e d r o p l e t (r= -V$ = -Eo%.
The boundary c o n d i t i o n s a t r = 1 ( t h e d r o p l e t s u r f a c e ) a r e ( a ) q, = c o n s t a n t = 0, q2 = c o n s t a n t = 0 ( 1 8 ) i
i . e . , t h e t a n g e n t i a l v e l o c i t i e s a r e c o n t i n u o u s ,
i . e . , t h e t a n g e n t i a l f i e l d s a r e c o n t i n u o u s ,
( 1 9 ) ( 2 1 ) T h i s boundary c o n d i t i o n i s w r i t t e n d i m e n s i o n a l l y and r e p r e s e n t s t h e d i s c o n t i n ui t y i n t h e normal d i s p l a c e m e n t f i e l d s i n p r o p o r t i o n t o t h e s u r f a c e charge density ( r e f . ( 2 2 ) ( e ) Shear s t r e s s b a l a n c e : The b a l a n c e o f shear s t r e s s e s a t t h e i n t e r f a c e may be w r i t t e n as i s t h e hydrodynamic shear s t r e s s and i s t h e e l e c t r i c or Maxwell shear s t r e s s . 
i o n of t h e s u r f a c e charges c o n s t i t u t e s an e l e c t r i c c u r r e n t a t t h e s u r f a c e . S i n c e charge must be conserved, and t h e o u t s i d e medium i s i s u l a t i n g , t h e r e must e x i s t a r a d i a l c o n d u c t i o n c u r r e n t a t t h e s u r f a c e from t h e n s i d e medium. U s i n g Ohm's law ( c u r r e n t d e n s i t y = c o n d u c t i v i t y x f i e l d ) and n v e n t o r y i n g charge movement, charge c o n s e r v a t i o n may be w r i t t e n as ( g > Net f o r c e on t h e d r o p l e t : A s t h e d r o p l e t moves a t i t s t e r m i n a l v e l o ct h e n e t f o r c e a c t i n g on i t must be z e r o . S i n c e s u r f a c e t e n s i o n i s an i n t e r n a l f o r c e f o r t h e d r o p l e t and cannot a c t on i t s e l f , t h e sum o f t h e hydrodynamic and elec-trical + f o r c e s e x e r t e d on t h e d r o p l e t by t h e o u t s i d e medium must be z e r o , i . e . , F, + Fh = 0. By symmetry, t h e n e t f o r c e p e r p e n d i c u l a r t o t h e flow d i r e c t i o n i s z e r o . That t h e n e t f o r c e p a r a l l e l t o t h e flow d i r e c t i o n i s z e r o may be expressed as s i n 8 --E 2 El R1 2 c o s 8 1 + [ l o % ! p R where P1 i s t h e hydrodynamic p r e s s u r e i n t h e o u t e r f l u i d . T h i s c o n d i t i o n i s e s s e n t i a l l y what d e t e r m i n e s t h e unknown e i g e n v a l u e Vm. I n s t e a d of i n t e g r a t i n g t h e s u r f a c e s t r e s s e s , Fe may a l s o be c a l c u l a t e d a l t e r n a t i v e l y b y r e c o g n i z i n g t h a t i t i s equal t o t h e f o r c e on t h e n e t charge Qo due t o t h e u n i f o r m f i e l d
Eo. Hence 
n a l form a l o n g ' ? d i r e c t i o n as
so be c a l c u l aexpressed i n T h i s completes t h e s p e c i f i c a t i o n of t h e boundary v a l u e p r o b l e m . n o t e d t h a t t h e normal s t r e s s b a l a n c e e q u a t i o n a t t h e d r o p l e t s u r f a c e has n o t been used i n t h e f o r m u l a t i o n t h u s f a r . t o be s p h e r i c a l . S t r i c t l y speaking, i t i s t h e normal s t r e s s b a l a n c e t h a t d e t e r m i n e s t h e t r u e shape of t h e d r o p l e t as i t moves. We w i l l r e t u r n t o t h i s p o i n t l a t e r .
I t may be T h i s i s because t h e d r o p l e t i s assumed SOLUTION ( a ) Case 1 : C o n s i d e r a case where qo2/k2p1 < < 1 as i s t h e case f o r h i g h l y c o n d u c t i n g d r o p l e t s . t h e n be n e g l e c t e d and t h e p r o b l e m i s s t r i c t l y e l e c t r o s t a t i c . reduces t o
The s u r f a c e c u r r e n t due t o charge c o n v e c t i o n may E q u a t i o n ( 2 5 
When p2 + m, t h e r e i s no flow i n t h e d r o p l e t and t h e r e s u l t s reduce t o The t e r m i n a l v e l o c i t y o f t h e s o l i d t h e m o t i o n o f a s o l i d sphere i n a f l u i d . 9 sphere may be d e r i v e d b e q u a t i n g t h e Coulombic f o r c e on i t t o t h e Stokes e q u a t i o n ( 3 5 ) i n t h e l i m i t p2 + a.
From t h e s o l u t i o n , s i n c e +2 = C1 and a + , / M = 0 a t r = 1 , t h e r e a r e no t a n g e n t
i a l Maxwell s t r e s s e s and no s u r f a c e t e n s i o n g r a d i e n t s a t t h e s u r f a c e o f t h e d r o p l e t . A l l t h e d r i v i n g f o r c e f o r t h e flow comes from t h e normal Maxwell s t r e s s e s , which i s what c o n t r i b u t e s t o
Fe. S i n c e t h e normal s t r e s s c o n d i t i o n a t r = 1 has n o t been c o n s i d e r e d , t h e d r i v i n g f o r c e i s n o t e x p l i c i t l y seen. To see t h e e f f e c t s o f s u r f a c e t e n s i o n g r a d i e n t s , which i s t h e p r i m a r y g o a l o f t h e p r e s e n t s t u d y , a n o t h e r case must be c o n s i d e r e d where charge c o n v e c t i o n must be r e t a i n e d .
( b ) Case 2 : Here q02/k2p, i s n o t small and charge c o n v e c t i o n i s r e t a i n e d . The r e s u l t i n g n o n u n i f o r m charge d i s t r i b u t i o n w i l l induce s u r f a c e t e n s i o n g r a d i e n t s ( c f , t h e m o l e c u l a r p i c t u r e ) . However, f o r m a t h e m a t i c a l s i mp l i c i t y , t h e s u r f a c e charge d i s t r i b u t i o n i s t a k e n t o be u n i f o r m i n t h e charge c o n s e r v a t i o n boundary c o n d i t i o n , i . e . , t h e change i n t h e s u r f a c e charge d e n s i t y i s much s m a l l e r t h a n t h e average s u r f a c e charge d e n s i t y q , and a q / a e i s n e g l i g i b l e . ( 3 9 ) q1 and q2 a r e t h e same as i n e q u a t i o n s ( 3 2 ) 
r e d . Also v , + 2 / 3 when pz/p1 + m, which i s t h e r e s u l t f o r a s o l i d sphere. I t i s i n t e r e s t i n g t o n o t e t h a t v , a l s o becomes 2 / 3 when qO2/(k2p1) + a. T h i s may p h y s i c a l l y be e x p l a i , n e d f o r t h e case w i t h k 2 + 0 as follows. I n e q u a t i o n s ( 2 5 ) or ( 3 6 ) , when k 2 + 0, t h e c o n d u c t i o n c u r r e n t a t t h e d r o p l e t s u r f a c e tends t o z e r o , as we e x p e c t f i n i t e e l e c t r i c
. From e q u a t i o n ( 3 9 ) , Thus, f o r any p, av,/ap i s always n e g a t i v e . Hence v , i s s m a l l e r for 13 = 2 t h a n f o r 13 = 1 , and so a l l o t h e r t h i n g s h e l d c o n s t a n t , i n c l u s i o n of s u r f a c e t e n s i o n g r a d i e n t s r e s u l t s i n a lower t e r m i n a l v e l o c i t y o f m i g r a t i o n o f t h e d r o p l e t . The d i m e n s i o n a l t e r m i n a l v e l o c i t y i n c l u d i n g s u r f a c e t e n s i o n g r a d ie n t s i s 
l a n c e a t t h e d r o p l e t s u r f a c e t h a t d e t e r m i n e s i t s t r u e shape and w i l l now be c o n s i d e r e d . The f o l l o w i n g a n a l y s i s c l o s e l y resembles t h a t i n r e f e r e n c e s 13 and 14. The t r u e shape o f t h e d r o p l e t i s r e p r e s e n t e d b y R(8) = Ro + f ( 8 ) . The normal s t r e s s c o n d i t i o n may be w r i t t e n as 1
where N i s t h e normal s t r e s s due t o b o t h hydrodynamic and e l e c t r i c a l e f f e c t s and Ra, Rb a r e t h e p r i n c i p a l r a d i i o f c u r v a t u r e o f t h e i n t e r f a c e . When q = f / R o < < 1, t h e f o l l o w i n g may be w r i t t e n ( r e f . 13) 
( 4 5 ) where p r e s s u r e . The d i m e n s i o n l e s s p r e s s u r e p = P/(PVR/R,) i n t h e two f l u i d s may be shown t o be ( r e f . 1 ) TRR = -P + 21. 1 aU/aR, T~R R = E /~( E R~ -Ee2), P b e i n g t h e hydrodynamic where A and A 1 a r e t h e c o e f f i c i e n t s of r s i n 2 6 and r 4 s i n 2 6 terms o f t h e r e s p e c t i v e stream f u n c t i o n s and KO i s an unknown c o n s t a n t . The s u r f a c e tens i o n u i s a f u n c t i o n o f 6 and from e q u a t i o n (81, i t may be w r i t t e n as 
r e t h a t t h e volume o f t h e d r o p l e t i s unchanged as i t deforms and t h e o r i g i n o f t h e c o o r d i n a t e s i s a t t h e c e n t e r o f mass o f t h e d r o p l e t . For q < < 1 , t h e s e become
6 q s i n 6 d 6 = 0, 6 Q cos 8 s i n 6 de = 0
From t h e a n a l y s i s by B r i g n e l l ( r e f . 1 5 ) , t h e s o l u t i o n i s 
t i o of t h e l e n g t h s of axes i n t h e flow d i r e c t i o n t o t h a t i n t h e normal d i r e c t i o n i s
The shape of t h e d r o p l e t i s an gE E~~R~ 800 X = [ l + ~(0">l/C1 + ~(90")l zz 1 + One sees, t h e r e f o r e , t h e d r o p l e t e l o n g a t e s i n t h e flow d i r e c t i o n .
(51) D r o p l e t shape for Case 2: S i m i l a r l y , u s i n g t h e s o l u t i o n s f o r Case 2 and assuming t h a t qOEoRo/oo < < 1 ( i . e . , Aa/o0 < < 1 ) and q < < 1 , e q u a t i o n (43) may f i n a l l y be w r i t t e n f o r t h e c o m b i n a t i o n s p = 2 , y = 1 or 13 = 
I t i s i n t e r e s t i n g t o n o t e t h a t f o r b o t h t h e c o m b i n a t i o n s o f 13 and y , no cos 8 terms a r e p r e s e n t i n t h e r i g h t hand s i d e o f e q u a t i o n ( 5 2 )
. y does not appear anywhere e l s e i n e q u a t i o n s ( 5 2 
13 and a(ql/i3(3 > 0 for P > 516 -~2 / ( 3~1 ) . Hence, lql for P = 2 i s g r e a t e r t h a n l q l for 13 = 1. Thus t h e i n c l u s i o n o f s u r f a c e t e n s i o n g r a d i e n t s i n c r e a s e s t h e d e f o r m a t i o n s of t h e d r o p l e t . P h y s i c a l l y , t h i s i s t o be e x p e c t e d as s u r f a c e t e n s i o n v a r i a t i o n s would t e n d t o deform t h e d r o p l e t f u r t h e r away from i t s s p h e r i c a l shape. Under t h e c o n d i t i o n s Ao/a0 < < 1 and t-~ < < 1 , t h e i n c r e a s e i n d e f o r m a t i o n s comes from a g r e a t e r imbalance i n t h e r a d i a l Maxwell s t r e s s e s a t t h e s u r f a c e o f t h e d r o p l e t , o r i g i n a t i n g from t h e i n c l u s i o n o f s u r f a c e t e ns i o n v a r i a t i o n s . To l e a d i n g o r d e r , t h e r a t i o of l e n g t h s of axes o f t h e d r o p l e t i n t h e flow d i r e c t i o n t o t h a t i n t h e normal d i r e c t i o n i s ( 5 7 ) DISCUSSION I t has been assumed t h a t t h e charge e x i s t s as a s u r f a c e charge i n t h e d r o p l e t . T h i s i s s t r i c t l y t r u e o n l y when t h e r e i s no flow and may be assumed t o be a p p r o x i m a t e l y t r u e when t h e c o n v e c t i o n o f charge i s s m a l l compared t o charge d i f f u s i o n i n t h e b u l k o f t h e d r o p l e t . That i s , charge c o n d u c t i o n r e s t o r e s s u r f a c e charge much f a s t e r t h a n s u r f a c e c o n v e c t i o n d i s r u p t s i t . From t h e charge c o n t i n u i t y e q u a t i o n i n t h e b u l k ( r e f . l o ) , t h i s may be shown t o be v a l i d when c~V R / (~~R , ) , i . e . , qoE0c2/(k2p1), i . e . , qO2/(k2p,) x ~2E,/q, < < 1 . When q02/(k2p1) = 0, t h e shape i s independent o f c 2 / c l , which i s c o n s i s t e n t w i t h e q u a t i o n (SO), t h e r e s u l t f o r Case 1 . The d r o p l e t can be e l o n g a t e d or cont r a c t e d i n t h e flow d i r e c t i o n , t h e l a t t e r b e i n g t h e case for l a r g e v a l u e s o f C~/ E I and qo2/(k2p1).
The p e r t u r b a t i o n s from a s p h e r i c a l shape must however be s m a l l f o r t h e t h e o r y t o be v a l i d . Many o f t h e assumptions made a r e t r u e for small v a l u e s o f Eo; hence, t h i s t h e o r y i s e s s e n t i a l l y a s m a l l f i e l d s t r e n g t h t h e o r y .
SUMMARY
The aim o f t h i s s t u d y i s t o examine t h e e f f e c t s o f s u r f a c e t e n s i o n v a r i at i o n s due t o e l e c t r i c a l e f f e c t s on t h e m i g r a t i o n o f d r o p l e t s i n an i n s u l a t i n g medium under m i c r o g r a v i t y c o n d i t i o n . The i m p o r t a n t r e s u l t s a r e t h a t s u r f a c e t e n s i o n g r a d i e n t s e x i s t o n l y when charge c o n v e c t i o n i s i n c l u d e d and tends t o decrease t h e m i g r a t i o n v e l o c i t y and i n c r e a s e t h e e x t e n t of d e f o r m a t i o n s o f t h e d r o p l e t . The assumptions t h a t t h e Reynolds number o f t h e m o t i o n i s s m a l l comp a r e d t o one and t h a t t h e charge r e d i s t r i b u t i o n i s n e g l i g i b l e e s s e n t i a l l y r e s t r i c t s t h e t h e o r y t o s m a l l a p p l i e d f i e l d s t r e n g t h s . F u r t h e r a n a l y s i s must
f a c e , n o n -n e g l i g i b l e Reynolds numbers and t h e r e d i s t r i b u t i o n o f charge on t h e m i g r a t i o n v e l o c i t y and shape o f t h e d r o p l e t .
